We show that nanodiscs stabilized with polymers order and pile up on a surface upon drying. The resulting surface films with an average thickness of one micron are made of collapsed cohesive layers with smectic long-range order. This occurs with and without plastifying stabilizing polymer and produces crevasses. The stacked discs undergo a two-to-three-dimensional crystallization while bottom layers close to the surface fuse and produce infinite bilayers. Small angle X-ray scattering experiments demonstrate that excess polymer is segregated from the crystalline stack. Water adsorption isotherms show that reversible swelling of the excess polymer does not destroy the compact stack of partially fused nanodiscs collapsed parallel to the surface. In the absence of chemical binding, the stacks of layered nanodiscs can be removed by simple washing with pure water. AFM, TEM and SEM experiments demonstrate that presence of crevasses is quenched by the presence of a plastifying polymer.
Introduction
Depositing onto a surface a thin (<1 mm) dense layer of protective material is of primary importance in the field of lubrication and corrosion-control. Most wide-spread strategy is to use polymers, starting from the molten state or "bad-solvent" condition. In principle, starting from a flat object with high aspect ratio and low thickness gives the best results in surface protection for a given amount of material. Having this complete tiling of the surface in mind, several types of disc shaped colloids have been studied and are in use for covering surfaces: clays, i.e. inorganic layered silicates [1] ; aluminium oxide platelets, basis of paints for the car industry [2] ; organic "bicelles", disc-shaped micelles made from surface active lipids or peptides [3] . Recently, a new type of nanodisc has been described [4] . These are made with crystalline bilayers made from alternated anionic and cationic surfactants, a class of mixture of surface-active agents designed as "catanionics" [5] . Their rigidity is of the order of one megaPascal [6] and they can be stabilized by the addition of some peculiar polymers [7] . A review about physical properties of catanionic nanodiscs is available [8] .
The main difficulty when manipulating asymmetric flat colloids with the aim of making compact layers is to avoid several very general behaviours: Onsager transitions producing microphase separated pastes [9] and formation of highly swollen gels when colloids touch by edges, making "house of cards". By using catanionic nanodiscs, the house-of-cards local microstructure structure is not favorable, since -unlike clay and aluminium platelets -edges of the catanionic nanodiscs are hydrophilic and highly charged. The Onsager transition occurs without any attraction, but can be quenched by the repulsion between the discs.
The aim of this work is to explore the possibility of making sub-micronic thin films starting from stabilized nanodiscs by means of controlled drying on a chemically inert surface. The drying of dilute solutions of colloids produces complex figures such as rings of material, patterns in the interior of the droplet or in some favorable cases large superstructures [10] [11] [12] [13] [14] . The details of the final morphology are determined by the competition between off-equilibrium phenomena, such as capillary flow or solvent density fluctuation, in conjunction with colloid-colloid or colloid-substrate interaction [10, 11] . At a larger scale, the propagation of cracks can be studied if the deposited layer is thick enough, e.g. in the case of more concentrated colloidal solutions [15] . In the case of composites of inorganic platelets and polymer deposited onto flat substrates, the anisotropic particles have been shown to orient preferentially along the substrate [16] . Here, we focus on rigid discs made of organic materials embedded in an organic matrix. We report AFM, SEM, water adsorption isotherms and grazing incidence on thin films deposited on glass. On drying a drop of the samples containing a know amount of nanodiscs, three different organizations of the layers of discs may a priori be formed:
(A) When a droplet of the disc sample is placed on a thin, clean substrate and allowed to dry, the formation of a columnar organization of discs is a possibility, as seen from the side view (Fig. 1a) . In this case, a few discs are shown to be attracted to the hydrophilic substrate and form the first layer, upon which more discs build up in a regular, upward direction. The organization takes place in such a manner that the discs align themselves more along the sides than the edges. If the discs arrange in the columnar organization, they are more compact and can slide over each other better than other possible organizational forms. However, since "defects" occur, there are some discs that rest edge-on against the sides of other discs and hence, there are some gaps in the organization of the discs. The circles in the inset diagram represent the stacks of discs when viewed from the top. This diagram shows the hexagonal close packing structure of the discs when they are arranged in a columnar organization. When discs are put together in a confined area, the best possible form of lattice structure is the hexagonal close packing. It is expected that discs form "Chinese hats" on the top on drying. (B) The second possibility is the 'House of Cards' organization (Fig. 1b) . The Collapsed 'House of Cards' organization contain a large amount of water and has poor performance in protecting the surface (except if "moistening" is the effect at aim). In this case too, some discs are attracted to the charged substrate and form the first layer. More discs build in the upward direction on this initial layer but in such a manner that few discs rest edge-on on the initial layer of discs and are supported by other discs. More discs then come onto the discs that rest edge-on and are seen to be positioned side-on.
If the discs arrange in the collapsed 'House of Cards' organization, the packing is less compact than in the columnar organization. The discs have orientational order and there are fluctuations about the mean value of tilt angle. Therefore, the discs follow a nematic type of orientational order. The average thickness measured is greater than the average thickness expected from compaction hypothesis. The flat circles in the inset diagram represent the top layer of the stacks of discs when viewed from the top. In a topographical view as scanned from the top, the picture obtained is very different from the columnar organization. (C) The third possibility of organization of discs is one where the discs merge from the edges and form laterally unlimited discs (Fig. 1c) ; when seen in a particular viewing area of the microscope, they are seen as though they form compacted bilayers instead of discs. The discs that are seen as bilayers from the side view stack up on one another as seen in the earlier forms. The topmost layer is that of smaller discs since there are no more discs to merge with in the end. This arrangement has in principle the best protective properties against mechanical or chemical stress. Upon inspection with the scanning microscope, one will see flat layers of the discs placed one over the other and over long distances. This will help in easy sliding of the discs one over the other. The inset diagram shows the top view in the case of the 'merging from the edges' form of organization. The topmost layers of the organization are seen as circles while the layers beneath the top layer are seen at different shades, forming terraces. With a molecular solid such as the catanionic crystal, obtained this fused texture by means of lateral coalescence is possible, unlike the case of clays. It should be noted that the drying of the multilayers follows the opposite mechanism of dissolution, which produces myelinic figures [17] .
Starting from stabilized solution containing catanionic nanodiscs, our aim is to investigate if a layered microstructure made of discs is obtained in thin film, able of reversible swelling without loosing cohesion and still maintaining presence of crevasses at low level when a plastifying polymer is used.
Materials and methods

Synthesis of organic nanodiscs
The solution (typically 1% per weight) is made as described in [18] . The first step in the preparation of nanodiscs requires pure cationic (CTAOH) and anionic (Myristic acid) surfactants. Myristic acid (Fluka) was recrystallized twice in acetonitrile. CTAOH was obtained by ion-exchange from cetyl trimethylammonium bromide (CTAB) on a macroporous anionic resin (BIO-RAD AG MP-1, 100-200 mesh, chloride form). The exchange was carried out in aqueous ethanol (25 wt.%) to prevent micellization. The presence of bromide was found to be less than 5% by the capillary-electrophoresis method (Waters Capillary Ion Analyzer). CTAOH was prepared, stored and handled under nitrogen to prevent carbonation.
After stirring for a few days, the mixture of myristic acid, CTAOH and water yields an uniformly white birefringent solution that was found to be a coexistence of lamellar phase and discs. This solution was heated to a temperature above 28 • C. A monophasic solution of discs is formed upon cooling to room temperature. Various molar ratios and concentrations were prepared to study the shape and sizes of the discs. The sample that gave the most monodisperse nanodiscs was of the molar ratio r = 45.8% and concentration c = 0.76%.
Optionally, a solution of different polymers was added to the disc solution so that the disc and polymer solutions are of the same final weight concentration and the sample of the disc-polymer was allowed to dry on a silicon wafer of uniform dimensions.
Freeze-fracture Transmission Electron Microscopy (FFTEM)
The nanodisc samples were characterized by FFTEM on two TEMs (Philips CM 12 and Philips EM 400). The carbon replica were prepared from a fracture of the aqueous samples and glycerol (30 vol.%) frozen in 1,1,1,2 tetrafluoroethane.
Characterization of the deposited nanodiscs
The solutions of polymer and disc were deposited on various substrates and allowed to dry in direct contact with dried Nitrogen. The volume and concentration of the sample to be deposited on the various substrates was adjusted to obtain thicknesses between 0.5 and 1.6 m, as estimated from the amounts and densities of deposited discs and polymer and the area covered by the film. Samples were usually deposited on silicon wafers cleaned with a Piranha solution.
For TEM observations from the top, glass substrates were used. The replicas of the dried samples were prepared by coating of a Pt/C layer (Baltec BAF 060) and dissolution of the glass substrate with HF. For TEM observation from the side, the substrate was a resin covered with a 20-nm gold layer (to allow localization of the substrate during the observations, Figure S1 in Supplementary Materials). The sample was exposed to fumes of OsO 4 to fix chemically the layers, and cut in thin sections with an ultramicrotome (Leica Ultracut UCT). Observations were performed with a FEI Tecnai G 2 microscope.
X-ray scattering at grazing incidence
The procedure used was similar to the one used to investigate reversibility of swelling of charged lipid multilayers [19] . Typical counting time for a given sample using a home-build pinhole-geometry camera [20] was 30 min. Spacing between layers was deduced from the position of the main SAXS reflection under grazing incidence at ambient vapor pressure. Degree of disorder was evaluated from the size of the spot reflection in the GISAXS-pattern [21] .
Water vapor adsorption isotherm converted into a force to distance curve
The osmotic pressure measurements were derived from water isotherm adsorption/desorption curves performed with a DVS Advantage from Surface Measurement System. The device consists in a Kahn microbalance (accuracy ±0.1 g) in a closed vessel of controlled temperature and relative humidity. The relative humidity is imposed via a stream of dry N 2 mixed with a stream of N 2 bubbled in water. The resulting humidity in the vessel is measured by a dew point detector with an accuracy of ±0.5% relative humidity. The complete setup is enclosed in an incubator of controlled temperature (±0.1 • C).
The osmotic pressure is derived from the relative humidity from:
where p/p sat is the relative humidity and v is the molecular volume of water. Finally, the amount of water is derived from the loss of mass of the sample upon complete drying at 120 • C. The "average" distance between nanodiscs is calculated from composition, since volume of water, polymer and the crystalline nanodiscs are known as well as the thickness of nanodiscs (4.3 ± 0.1 nm).
Results
Imaging of precursor nanodisc solutions
The nanodiscs initially presenting the diluted solution sample was first imaged using FFTEM (Fig. 2) . At the concentration of less than 1% with a mole fraction of cationic component of 45.8%, the diameter, set by the excess cationic component [18] is of the order of 250-500 nm. The thickness is known from SANS experiments to be 4.5 nm [22] . After drying, the desiccated layers were observed by TEM after replication from the top view by platinum/carbon shadowing (Fig. 3) . Most of the discs seem to have merged to form lamellar structures, with only a few residual discs of unchanged diameter still visible. The resulting RMS AFM roughness of the sample is 23 nm (Fig. 8) . Additionally, the sample is highly heterogeneous due to the presence of a very large number of cracks. These cracks certainly appear due to mechanical stress upon drying of the rigid discs, and are expected to disappear as polymer is added to the layers.
The same various methods of imaging the compacted layer were carried out to examine the effect of addition of polymers to the nanodisc solutions. The following polymers were added:
(A) Polyethylene glycol (PEG, molecular weight 20,000): the most used of the strongly adsorbing hydrophilic uncharged polymers, since it can interact via one complexing oxygen per monomer. It is known to be efficient to stabilize nanodiscs when formulation for applications requires the presence of salt (>0.01 M) [7] . (B) Pluronic 103 (molecular weight 4950, PEO content 30%):
it is expected to be a slightly absorbing block-co-polymer since one block out of three shows complexing properties. (C) Polyvinyl alcohol (PVA, molecular weight 50,000) as a non-adsorbing polymer: this type of polymer is used in applications such as dispersions of clay or whiskers and is then denominated as "plasticizing agent" because it is known to fill the gaps between colloids as an adhesive viscous media [23] . (D) Mixture of Pluronic 103 and PVA, i.e. combining the initial stabilization and the strategies to obtain adhesion in the stack from formulations (B) and (C) together.
For all polymers, the dry volume of polymer added is adjusted for testing as equivalent to the volume of nanodiscs, unless otherwise stated. In a preliminary set of experiments, it was confirmed from confocal microscopy that there was no significant effect of the addition of polymers in the microstucture of the initial nanodisc solution ( Figure S1 in Supplementary Materials). Fig. 4 shows TEM micrographs of the nanodisc-PEG (ratio 1:1 in mass) sample replicas. The PEG has a drastic effect on the final morphology of the dried layer. A large number of structures with sizes larger than that of the initial discs are observable (Fig. 4a) , and a closer inspection reveals neat stacks (Fig. 4b) . The stacks are not formed of discs as the initial dimensions and shape are not preserved, but from lamellas resulting of the fusion of discs. This shows that the disc-PEG interaction cannot limit completely the coalescence of the objects. Accordingly, the nature of the surface defects has changed as compared to the drying of discs without added polymer. The surface shows no cracks anymore, but a large number of aggregated objects and holes in between. The RMA AFM roughness is twice larger than with discs (45 nm, Fig. 8 ). Fig. 5 shows TEM micrographs of the disc-Pluronic (1:1 in weight) layers. The surface is covered with large plane structures that are much larger than the initial discs. The mild interaction of the Pluronic seems to limit even less their fusion upon drying, yielding surfaces with roughness significantly lower than the case without added polymer (12 nm against 23 nm, Fig. 8 ). There are no visible fractures, contrarily to the surface covered with discs with no added polymer. As expected, the polymer allows dissipation of the mechanical stress upon drying. However, the fusion of the discs still does not allow uniform coverage of the surface, and a large number of holes are visible on the surface.
Topography of the dried nanodiscs as deduced from the top view
The effect of PVA on the drying of the discs was examined (Fig. 6) . The surface presents flat structures with a size larger than that of the initial discs, indicating once again the fusion of the discs as expected with a poorly adsorbing polymer. The surface shows no cracks like with addition of Pluronic, demonstrating again the dissipation of mechanical stress by addition of polymer. However, the surface shows a large roughness (35 nm, Fig. 8 ), interpreted as the expulsion of the polymer from the interlamellar space.
Finally, this lead to the design of layers deposited from discs-Pluronic-PVA mixtures (1:1:1 in weight). The surface shows little defects (Fig. 7) , and the roughness of the sample is comparable to that of the layers deposited from a disc-Pluronic mixture (Fig. 8) . In this case, the Pluronic allows homogeneous fusion of the discs, while the PVA segregates and fills the residual holes.
All these observations support the idea that addition of polymer may release the mechanical stress in the dried layers and controls the nature of the surface defects, holes versus cracks.
GISAXS observation of the dried sample
GISAXS experiments were performed to resolve the distance between the objects in the direction perpendicular to the substrate. The measurements were performed at ambient relative humidity, were the samples are poorly sensitive to water up-take or release (see below). A typical pattern obtained by GISAXS on a pinhole geometry camera is shown in Fig. 9 . All samples show the same characteristic feature, i.e. a peak at 0.17Å −1 . The position of the peak is independent from the angle between the sample and the incident beam, so it is attributed to the 001 reflection of a L c phase. This phase presents three-dimensional crystallinity, and is composed of stacked layers, with only a few interlamellar water molecules. The total (water + surfactant) thickness of the repeat unit is 37Å. From the length of the reflection spot, it is determined that most of the crystallites are oriented parallel to the substrate within ± 5 • , independently on the presence or absence of polymer.
In most of the samples (discs alone or with PEG, or Pluronic added), this L c peak is the only one which could be detected. For the nanodisc solution in the absence of polymer, this is quite expected. In the other cases, it means that during the drying, all polymer chains are removed from the interlayer space. Polymer ejected from the interlayer spacing is transferred into the crevasses and defects.
The only exception is for PVA (top row of figure Fig. 9a ). In this case, the additional broad reflection at 0.13Å −1 is attributed to a swelling induced by a "pillaring" effect, analogue to pillared clays [24] occurs. The resulting interlamellar distance is 48Å. Since volume of PVA and nanodiscs are initially equivalent, one can safely evaluate that 25% of the PVA present is included in the cohesive lamellar stacks formed upon drying.
In order to characterize the stacking up of nanodiscs, direct imaging with ultra-microtomography was attempted. This is the only method to directly "see" the layers from a side view. The method used and the corresponding images are described in Supplementary Materials. The main result is that the thin layer can be detected, but the internal structure with 4 nm spacing given by the GISAXS result could not be resolved by TEM.
Water adsorption isotherms and microstructure of the films
Thermodynamics and interactions in the surface film can be deduced from the water adsorption isotherms shown in Figs. 10-12. These three figures represent the same fundamental data, i.e. the equilibrium water up-take by a thin film of nanodiscs in presence of the stabilizing polymers. First the raw data is first plotted as adsorbed quantity, i.e. in moles of water per mole of dry catanionic surfactant, as a function of relative humidity ( Fig. 10) . The plateau shown in the water adsorption isotherm corresponds to a large range of water activity where no water can be added or removed without a large cost of free energy.
The same data can be converted into water molecules per surfactant, as in Fig. 11 . This shows that the L c phase obtained from discs deposited in the absence of polymer embeds about two water molecules per surfactant in the three-dimensional crystal network. This structural water may be removed at very large osmotic pressures, corresponding to drastic drying conditions over 200 MPa (relative humidity below 20%). Additional hydration water of the polymer is up-taken by the layers deposited from mixtures. At the largest osmotic pressures, this additional amount corresponds to 1-2 water molecules per surfactant, and strongly increases only if the osmotic pressure reaches sufficiently low values. This is a general behaviour already described for polymer chains alone [25] .
This becomes even more apparent when the adsorption isotherm is plotted "as average distance" versus osmotic pressure (Fig. 12) . The average distance presents a drop for a large range of pressure. This demonstrates that layer to layer attraction associated to the L ␤ to L c transition overcomes the weak adsorption of the stabilizing polymer to the charged nanodisc.
Conclusions
In this study, we have shown that catanionic discs with hydrophilic edges can easily be fused and stacked towards a layered structure with a high degree of order. If edge-effects could be neglected, similar behaviour should be observed in acidic conditions between positively charged clay platelets and neutralized form of humic acid. Catanionic nanodiscs here play the role of edge-less "organic clays" showing lateral coalescence together with a tendency to stack.
Addition of polymer prevents the apparition of cracks in the layers although it is essentially always expelled during drying. Thus, the interstices appearing during drying are filled by the polymer dissociated from the catanionic nanodiscs. GSAXS experiments shows that only PVA remains at least partially inserted between the discs upon drying.
The final (polymer + catanionic) layers reversibly up-take water. The water was shown to be essentially hydration water of the polymers, and only small amounts are incorporated in the layers.
